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Highlights
 A new colloidal synthesis route for 3-5 nm NiSn bimetallic nanoparticles with tuned Ni/Sn ratio was developed.
 The first study of the performance of NiSn as electrocatalysis of methanol oxidation reaction (MOR) is presented.
 NiSn electrodes showed excellent performance towards MOR, with the most Ni-rich alloy exhibiting mass current densities of 820 mA mg -1 at 0.70 V vs. Hg/HgO, comparable to state of the art Ni electrocatalysts.
 Stability of NiSn electrodes was clearly superior to that of Ni-based electrodes. 
Ni

Introduction
Fuel cells have raised increasing interest as a high efficiency and environmental friendly energy conversion technology. Among the different cell architectures and fuels proposed, direct methanol fuel cells (DMFCs) are the best positioned toward widespread commercialization and the most viable alternative to lithium-ion batteries for portable applications [1, 2] . Methanol provides numerous advantages as a fuel, including safe handling, storage and transportation, solubility in aqueous electrolytes, availability and potential generation from renewable energies, high power and energy density (6100 Wh kg -1 ) with high oxidation rates that do not require C-C bond breaking, low emissions and fast recharging and cell startup at low temperature [3, 4] . However, a major drawback of this technology, currently delaying its extensive commercialization, is its high manufacturing cost, which is in large part related to the dependence on Pt-based electrocatalysts for both methanol oxidation at the anode and oxygen reduction at the cathode [1, 5, 6] . The development of Pt-free electrocatalysts is thus a key challenge to be urgently overcome for DMFCs to become cost-effective.
Nickel, a relatively abundant element in the earth's crust, is among the best candidate materials to replace Pt in the anode, where the methanol oxidation reaction (MOR) takes place. Ni [7] [8] [9] [10] and Nibased alloys reported to date, such as NiCu [11] [12] [13] [14] , NiFe [15] , NiCo [16] , NiMn [17] and NiTi [18, 19] show excellent catalytic activities, but even in alkaline electrolytes, they lack of a satisfactory durability.
Therefore, the exploration of novel Ni-based compounds presenting improved stabilities is required.
and ethanol were of analytical grade and purchased from various sources. MilliQ water was obtained from a PURELAB flex from ELGA. All the syntheses were performed using standard airless techniques:
a vacuum/dry argon gas Schlenk line was used for the synthesis and an argon-filled glove-box was used for storing and dealing with sensitive chemicals.
Synthesis of NiSn NPs
In a typical synthesis, 7 mL OAm, 0.1 mmol Ni(acac)2, 0.1 mmol Sn(oac)2 and 0.15 mL OAc were loaded into a 25 mL three-necked flask and degassed under vacuum at 80 °C for 1 hour while being strongly stirred using a magnetic bar. Afterward, a gentle flow of argon was introduced, and 1 mL of TOP was injected into the solution. Subsequently, the reaction flask was heated to 180 °C within 20 min, followed by quick injection of a solution containing 1 mmol TBAB in 1 mL degassed OAm. A visible color change, from light blue to black was observed immediately. The reaction was maintained at this temperature for 1 hour before it was quenched using a water bath. NiSn NPs were collected by centrifuging and washing the solid product with acetone and chloroform 3 times. The as-prepared NPs were finally dispersed in chloroform and stored for their posterior use. NPs were colloidally stable in chloroform for over two months. Different nominal Ni/Sn ratios were used to prepare NPs with different stoichiometries following the same procedure above detailed.
Synthesis of Sn NPs.
13 nm Sn NPs were produced according to the method developed by K. Kravchyk et al. [25] . Briefly, 16
ml OAm was loaded into a 25 ml three-necked flask and maintained under vacuum at 140 °C for 60 min under stirring. After cooling to 50 °C, 0.5 mmol SnCl2 was added to the flask and kept under vacuum at 140 °C for 30 min. Then temperature was increased to 180 °C under argon and 2 ml of toluene containing 0.6 g of LiN(SiME3)2 was injected. Immediately afterward, 0.6 ml of a 1M DIBAH solution in THF was also injected. Upon injection of DIBAH, the solution immediately turned dark brown. After mixture and NPs were collected by centrifugation. The obtained precipitate was re-dispersed in hexane for further use.
Synthesis of Ni NPs
12 nm fcc-Ni NPs were prepared following the procedure described by Y. Chen et al. [26] . In a typical synthesis, 1 mmol Ni(acac)2, 7 ml OAm, 0.4 mmol TOP and 0.25 mmol TOPO were loaded in a threeneck flask and stirred under a gentle flow of argon. Temperature was raised to 130 °C and kept for 20 min. Then, the solution was quickly heated to 215 °C and maintained at this temperature for 45 min.
Subsequently, the flask was cooled down to room temperature using a water bath. The black precipitate was separated through centrifugation after adding ethanol. NPs were re-dispersed and precipitated three times using hexane and ethanol as solvent and non-solvent, respectively. The product was finally dispersed in hexane.
Ligand removal
NiSn, Sn and Ni NPs dispersed in chloroform were precipitated through addition of ethanol and centrifugation. Then, they were dispersed in a mixture containing 28 mL acetonitrile and 0.8 mL hydrazine hydrate and stirred for 4 hours. NPs were then collected by centrifugation and washed with acetonitrile for 3 times. Finally, the NiSn NPs were dried under vacuum.
Characterization
Powder X-ray diffraction (XRD) patterns were recorded from the as-synthesized NPs dropped on a analysis fluctuated in the range from 3.5 ± 0.5 nm to 4.2 ± 0.6 nm, depending on the nominal composition ( Figure 1d and Table 1 ). Figure 1e displays the XRD patterns of the NiSn NPs produced following the above detailed procedure. As corresponding to small NPs, XRD patterns from all samples displayed broad diffraction peaks, which could be ascribed to the orthorhombic Ni3Sn2 or the monoclinic Ni3Sn4 crystal phases. Additional Ni3Sn or even Ni or Sn phases could not be discarded from the XRD analysis. Previous works already reported the formation of these phases in the composition range here analyzed, 33-67% of each metal [27, 28] . XPS analysis was used to characterize the chemical environment of atoms at the surface of NiSn NCs that had been exposed to the ambient atmosphere. For these analyses, purified NiSn NPs with no surface ligands were used (see below for ligand removal details). XPS analysis confirmed the surface of these NPs to be Sn-rich and oxidized ( Figure 3 Figure S1 ). On the other hand, in the absence of TOP, NiSn NPs aggregated in chains and with the Ni3Sn4 crystal phase were obtained ( Figure S2 ).
However, the presence of organic ligands at the NP surface strongly limits both their ability to interact with the media and the charge transport between NPs and between NPs and surrounding materials. Thus, we removed the native organic ligands from the NiSn NP surface by suspending them in a mixture of acetonitrile and a small amount of hydrazine hydrate. The mixture was stirred for some hours and then the precipitated NPs were collected. Additional purification steps with acetonitrile were carried out to remove all the unbounded or loosely bond organics. FTIR analysis confirmed the absence of organic ligands at the NiSn NP surface after the ligand removal step, as observed from the disappearing of peaks at 2890 cm -1 and 2822 cm -1 that correspond to C-H stretching modes (Figure 4 ). For all electrocatalysts, the ratio of the current densities at the anodic and cathodic peaks indicated the nickel redox reaction to be mostly reversible. To quantify the redox Ni(OH)2  NiOOH reaction, the peak anodic (Jpa) and cathodic (Jpc) current densities, the half wave redox potential (E1/2), the redox potential difference (△Ep), the NiOOH surface coverage (Γ) and the proton diffusion coefficient (D), of the different electrocatalysts tested were determined ( Table 2) . Peak current densities were higher for NiSn (2:1) than for Ni-based electrodes, but decreased with the Sn content. Sharper oxidation and reduction peaks were obtained for all the NiSn-based electrodes compared with Ni, which could be related to the smaller size of the NiSn NPs.
While E1/2 increased with the Sn content, △Ep decreased with the incorporation of Sn, suggesting faster electron transfer kinetics. The surface coverage of Ni(OH)2/NiOOH redox pairs participating in the reaction at each Ni-Sn electrode was calculated using the following equation [34, 35] :
where Q is the charge under the reduction/oxidation peak, which we averaged from forward and reverse scans, A is the geometrical electrode surface area, n is the number of transferred electron per reaction, i.e. 1, and F is the Faraday constant.
The calculated NiOOH surface coverages were independent of the scan rate in the low scan rate range (50 mV s -1 . The coverage of electroactive species decreased as the amount of Sn in the NiSn NPs increased (Table 2) . However, the coverage obtained from NiSn (2:1) electrocatalysts was very close to that of Ni. This experimental result was at first view surprising taking into account the lower overall amount of metal in NiSn catalysts due to the higher atomic mass of Sn, the lower content of Ni in the NiSn NPs compared with elemental Ni NPs and the Sn-rich surface of NiSn NPs. However, it could be in part explained by the smaller size of the NiSn NPs compared with the Ni NPs. Overall, the surface coverages obtained from the Ni and NiSn electrodes in the present work were almost an order of magnitude higher than values usually reported, which we associated to the large surface area of the NPs used here.
In the high scan rate range, a linear relationship could be fitted to the dependence of the peak current density with the square root of the voltage scan rate, pointing toward a diffusion-limited Ni(OH)2  NiOOH redox reaction [30, 36] . In this regard, it is generally accepted that the proton diffusion is the rate limiting step in the oxidation of Ni(OH)2 to NiOOH. Therefore, the proton diffusion coefficient (D)
can be determined from equation [34] :
where Ip is the peak current and C is the initial concentration of redox species that, taking into account a Ni(OH)2 density of 3.97 g cm -3 , we estimated at 0.043 mol cm -3 .
The proton diffusion coefficient obtained from Ni nanoparticles was 1.2x10 -11 cm 2 s -1 , consistent with previous works [36] . Remarkably, the diffusion coefficient for NiSn (2:1) was slightly higher, 1.9x10
, but as Sn concentration increased, this apparent diffusion coefficient decreased (Table 2) . Table S1 . From this comparison, we conclude that NiSn NPs are excellent candidates for the electro-oxidation of methanol in alkaline medium. Chronoamperometric measurements were used to determine the electrocatalysts stability. Figure 9 shows the chronoamperograms of NiSn (2:1) and Ni electrodes in a 0.50 M KOH solution containing 0.50 M methanol at 0.70 V vs Hg/HgO. The current densities largely dropped in the first minutes and then relatively stabilized. Similarly fast initial drops were previously observed [14] and are generally attributed to the fact that initially active sites are free of adsorbed methanol molecules and no methanol depletion layer around the electrode exist, allowing a very fast initial reaction. In the first minutes, an equilibrium coverage of methanol at the catalyst surface and an equilibrium gradient of methanol around case, no methanol depletion layer is formed and current densities do not suffer any initial drop. On the contrary, they increased in the first minutes to later decrease over the 10000 seconds studied.
Overall, NiSn-based electrodes clearly displayed improved stabilities over Ni-based electrocatalysts.
This experimental fact could have two different explanations: i) The presence of Sn can contribute to the oxidation of the MOR products that poisons the Ni surface sites. In this direction, lattice or adsorbed oxygen or OH -groups on Sn metal, oxide or hydroxide could further oxidize MOR products that strongly adsorb onto the Ni sites poisoning its surface. ii) Alternatively, the presence of Sn atoms within the Ni structure, forming a Ni3Sn2 phase, certainly modifies the electronic density of states of Ni, thus affecting its chemistry, which could prevent strong binding of particular poisoning species. Additional work would be required to exactly asses the mechanism of improvement of the electrode stability with the Sn incorporation.
Conclusion
In summary, a new synthetic route to produce NiSn intermetallic NPs with composition control was developed. Detailed electrochemical measurements showed that these NPs exhibited excellent performance for MOR in alkaline solution. Ni-rich NiSn-based electrocatalysts displayed slightly improved performances than Ni-based electrocatalysts. Most notorious was the significantly improved stability of NiSn catalysts compared with that of Ni. This work represents a significant advance in developing cost-effective electrocatalysts with high activity and stability for MOR in DMFCs.
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